Purpose: We previously identified disease-related cerebral metabolic characteristics associated with Parkinson's disease (PD) in the Chinese population using 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET)/computed tomography (CT) imaging. The present study aims to assess data reproducibility and robustness of the metabolic activity characteristics across independent cohorts. Patients and methods: Forty-eight patients with PD and 48 healthy controls from Chongqing district, in addition to 33 patients with PD and 33 healthy controls from Shanghai district were recruited. Each subject underwent brain 18F-FDG PET/CT imaging in a resting state. Based on the brain images, differences between the groups and PD-related cerebral metabolic activities were graphically and quantitatively evaluated. Results: Both PD patient cohorts exhibited analogous cerebral patterns characterized by metabolic increase in the putamen, globus pallidus, thalamus, pons, sensorimotor cortex and cerebellum, along with metabolic decrease in parieto-occipital areas. Additionally, the metabolic pattern was highly indicative of the disease, with a significant elevation in PD patients compared with healthy controls ( p,0.001) in both the derivation (Shanghai) and validation (Chongqing) cohorts.
Introduction
Idiopathic Parkinson's disease (PD) is the second most common neurodegenerative disorder after Alzheimer's disease, with a prevalence of 1%-2% in individuals over 65 years of age. 1 It has been estimated that ~2 million Chinese presently suffer from the disease, accounting for 50% of all PD cases worldwide. 2 Due to the aging Chinese population, this number is likely to grow continuously in the coming decades.
Currently, the clinical diagnosis of PD is established according to the UK Brain Bank criteria, which outline the triad of resting tremor, rigidity and hypokinesia as indicative of the classic underlying nigrostriatal degeneration. 3 However, such clinical signs substantially overlap with various subtypes of atypical parkinsonism such as multiple system atrophy, progressive supranuclear palsy, corticobasal degeneration and dementia with Lewy bodies. 4 Approximately 20%-30% of patients with PD were reported to have been misdiagnosed earlier in life. 5 Although currently there is no effective method to halt the degeneration of central neurons in PD, oral dopamine therapy, in conjunction with a neurosurgical procedure such as deep brain stimulation, has proven to be highly effective in controlling motor symptoms. 6, 7 Therefore, the correct diagnosis of PD is of great importance for the determination of treatment strategies and greatly improves the patient's quality of life.
18F-fluorodeoxyglucose (FDG) positron emission tomography (PET) is effective in visualizing cerebral glucose metabolism and its variations that are associated with neuronal dysfunction. This modality has been reported effective in detecting cerebral functional changes in patients with PD. 8, 9 Furthermore, a combination of voxel-based techniques has detailed the distribution of cerebral metabolic alterations associated with idiopathic PD. To date, this pattern has been reproduced in several independent patient populations by applying different analytical techniques at both regional and network levels. [10] [11] [12] Metabolic abnormalities in individual patients were quantitatively assessed based on calculated PD-related pattern subject scores and an objective marker for disease diagnosis. 13, 14 Pertinent studies of the Chinese population have been reported over the past several years. 15, 16 The PD-related metabolic pattern, apparent in such patients, was first identified in 2013 and was characterized by metabolic increases in the pallidothalamus, pons and cerebellum, along with concurrent decreases in the posterior parietal areas. Pattern scores of individual subjects effectively discriminated PD patients from healthy controls and correlated with the severity of motor symptoms. 15, 16 As the patients enrolled in these studies were primarily recruited from the same university hospital in Shanghai, China, the reproducibility and robustness of reported diagnostic techniques requires validation prior to widespread implementation in clinical centers.
To explore the feasibility of utilizing the Shanghaiderived PD-associated metabolic pattern as a reference standard for disease diagnosis nationally, here, we sought to (i) characterize cerebral metabolic abnormalities in a prospectively recruited cohort of PD patients and healthy controls from Chongqing district; (ii) evaluate similarities and differences in metabolic topographical features between the Shanghai and Chongqing cohorts; and (iii) validate the ability of the Shanghai-derived PD-related metabolic pattern to prospectively discriminate between PD patients and healthy controls from Chongqing district by calculating the expression in individual subjects.
Materials and methods Patients
The present study included two discrete cohorts, both consisting of PD patients and healthy subjects. The first cohort consisted of 48 PD patients and 48 healthy subjects who were prospectively recruited at Daping Hospital, Chongqing. Prior to enrollment, all patients had been managed by two senior movement disorder specialists for at least one year and all met the UK Brain Bank criteria for PD. 17 No patients were noted to possess preexisting structural brain abnormalities (eg, mass lesions or ischemia) by magnetic resonance imaging (MRI) that could explain clinical findings. All enrolled healthy controls had no history of neurological or psychiatric disorders. Each healthy control underwent a clinical neurological examination by a senior movement disorder specialist prior to enrollment in this study. In addition, no healthy control had any prior exposure to neuroleptic agents or drug use.
This study also included a second independent cohort from Huashan Hospital, Shanghai, which comprising 33 PD patients and 33 healthy subjects. This same cohort was originally used for identification of the aforementioned PD-related cerebral metabolic pattern. We chose to employ this cohort to evaluate the reproducibility of such disease-related cerebral abnormalities across independent Chinese samples and to assess the feasibility of applying this metabolic pattern in the prospective discrimination of PD patients from healthy controls.
Demographic data for patient and healthy control groups are presented in Table 1 . These individuals underwent 18F-FDG PET imaging at Chongqing and Shanghai sites, respectively. Permission was obtained from institutional review boards at each hospital and the procedure was carried out in compliance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and uniform 
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Validation of metabolic abnormalities in Parkinson's disease requirements for manuscripts submitted to biomedical journals. Written consent from each subject was obtained at each institution, following a detailed explanation of scanning procedures and the study itself.
PeT imaging
All subjects were asked to fast for at least 6 hours but had free access to water prior to PET imaging. All subjects underwent 18F-FDG PET at least 12 hours after cessation of oral antiparkinsonian medications (ie, a practically defined "off" condition). Subjects from Daping Hospital (Chongqing) and Huashan Hospital (Shanghai) were scanned using a Siemens Biograph 64 PET/CT machine (Siemens, Munich, Germany) in three-dimensional (3D) mode at each respective site. CT transmission scans were performed for photon attenuation correction, while PET scans were subsequently acquired at 45-55 minutes postinjection and reconstructed using the ordered subset expectation maximization method. All imaging was performed in a quiet and dimly lit room while subjects were in a resting state.
image processing PET images were preprocessed using the Statistical Parametric Mapping software (SPM5; Wellcome Department of Imaging Neuroscience, Institute of Neurology, London, UK) implemented in Matlab 7.4.0 (MathWorks Inc., Natick, MA, USA). Scans were spatially normalized into the Montreal Neurological Institute (MNI) brain space with linear and nonlinear 3D transformations, and subsequently smoothed by a 10 mm-wide Gaussian filter over a 3D space to increase the signal-to-noise ratio for statistical analysis.
Data analysis
PET imaging data were analyzed using SPM5 software as described above to localize abnormalities in regional metabolism between PD patients and healthy subjects. 18 For each cohort, we first used a two-sample t-test according to the general linear model to characterize metabolic differences between PD patients and healthy controls, respectively. Mean signal differences across the whole brain were removed in each individual subject by analysis of covariance. Contrasts for decreased and increased metabolism were set as [1, -1] and [-1, 1], respectively.
Using SPM5, we also employed a flexible factorial design to characterize overlapping and differential brain regions with metabolic abnormalities in the Chongqing and Shanghai cohorts. 19 Site and group were added as the two main effects in this design, while global values were entered as a covariate to eliminate potential confounding. Contrasts for commonality and difference were detected separately using conjunction [ 
To evaluate significant differences, the voxel threshold was set at p,0.05 (family-wise error corrected) across the whole brain with an extent threshold empirically chosen to be greater than two to three times that of the expected voxels per cluster estimated in each SPM run. Significant regions were localized by the Talairach Daemon software (Research Imaging Center, University of Texas Health Science Center, San Antonio, TX, USA) after applying an MNI-to-Talairach conversion. SPM maps of the t-statistic were overlaid on a standard T1-weighted MRI brain template in stereotaxic space. To quantify metabolic changes in specific regions, we constructed a spherical volume of interest, 4 mm in radius within the image space, centered at the peak voxel of clusters significant in each SPM analysis. We subsequently calculated relative cerebral glucose metabolic values (ie, globally normalized) in PD patients and normal controls using ScanVP software. 20 Moreover, we prospectively quantitated individual expression in the Chongqing cohort based on the PD-related metabolic pattern originally identified in the Shanghai cohort using a voxel-based topographic profile rating (TPR) algorithm. 15, 16 This original pattern was generated with 18F-FDG PET data obtained from Shanghai PD patients and healthy subjects by applying a voxel-based spatial covariance mapping algorithm, known as scaled subprofile modeling, based on principal component analysis (PCA) 16 In brief, this method executed PCA on a covariance matrix of group-wise image data within a mask of gray matter to identify a disease-related spatial covariance pattern with greater expression in patients than that in control subjects. The pattern was defined by a linear combination of select principal components whose expression could best discriminate PD patients from controls, as determined by the lowest Akaike Information Criterion value in a logistical regression model. For each subject, individual pattern scores could be computed prospectively in any other scans using a TPR algorithm, which entailed the multiplication of each individual image by that of the pattern (ie, the dot product between the two images) and summing the result over the brain mask. In the present study, the resulting pattern expression of each subject was subsequently Z-transformed using individual scores of control subjects from the Shanghai cohort, and was offset by individual scores of control subjects from the Chongqing cohort. Scores of subjects from the Chongqing cohort were then compared with those of PD patients and healthy controls from the Shanghai cohort, and examined for prospective discrimination among groups.
statistical analysis
Group differences in metabolic quantitation were assessed using two-sample t-tests in each cohort and one-way analysis of variance across the two cohorts. Receiver operating characteristic (ROC) curves were also plotted to evaluate the diagnostic power of the individual expression of the Shanghai-derived PD-related metabolic pattern for discrimination of PD patients from Chongqing cohort control subjects. The area under the curve (AUC) was calculated and the optimum cut-off value was estimated by identifying an inflection point on each ROC curve that gave rise to both high sensitivity and specificity. All analyses were performed using SPSS software (SPSS Inc., Chicago, IL, USA) and p,0.05 was considered statistically significant.
Results

cerebral metabolic characteristics in PD patients relative to normal subjects in each cohort
The distinguishing features of glucose metabolism in PD patients from the Chongqing cohort were characterized by metabolic increases in the putamen, globus pallidus (GP), thalamus, pons, sensorimotor cortex (SMC) and cerebellum, along with metabolic decreases in parieto-occipital areas ( Figure 1A) . These findings exhibited a distribution similar to the original pattern apparent in the Shanghai cohort ( Figure 1B) . However, the extent of the increased metabolism in the pons and cerebellum appeared relatively larger in the Chongqing cohort on visual inspection.
comparison of metabolic characteristics across the two cohorts SPM conjunction analysis directly localized overlapping brain regions between the two independent cohorts from Chongqing and Shanghai. In comparison to healthy controls, PD patients from both cohorts exhibited commonality 
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Validation of metabolic abnormalities in Parkinson's disease with respect to increased metabolism in the putamen, GP, thalamus, pons, SMC and cerebellum, but decreased metabolism in parieto-occipital areas ( Figure 2A and Table 2 ). These were the same regions as those shown in the separate cohorts summarized above, which further confirmed the reproducibility of PD-related pattern characteristics using a different but complementary measure. In addition, the relative metabolism calculated post hoc in several primary regions confirmed increased metabolism in the lateral GP, SMC and cerebellum but decreased metabolism in the parietal gyrus of PD patients relative to healthy controls across both cohorts ( p,0.001; Figure 2B ). No regions were noted to exhibit significant differences between control groups ( p.0.05) or patient groups ( p.0.05) across the two cohorts.
Importantly, SPM interaction analysis revealed PD patients from the Shanghai cohort to exhibit more pronounced metabolic increases in the right temporal-striatal area, but greater metabolic decreases in the bilateral occipital region as compared to those from the Chongqing cohort ( Figure 3 and Table 3 ). Nonetheless, as presented in Table 3 , the cluster size of these regions was relatively small, and the location was secondary with respect to the underlying pathophysiology of PD.
Diagnostic power evaluation of pattern expression
Prospectively computed individual scores of the Shanghaiderived metabolic pattern were abnormally elevated ( p,0.001) in PD patients from the Chongqing cohort as compared with normal subjects from the same cohort ( Figure 4A ). Although individual pattern expression was slightly lower in PD patients from the Chongqing cohort relative to those from the Shanghai cohort ( Figure 4A ), the ROC curve demonstrated that prospectively quantitated expression of the Shanghai-derived pattern could significantly discriminate ( p,0.001) PD patients from control subjects ( Figure 4B ). The AUC values were 0.919 (with 95% Cls of 0.868-0.971) for Chongqing cohort subjects. An optimum cut-off value 
Discussion
The present study compared brain metabolic activities between two independent cohorts of patients with PD from different districts in China using 18F-FDG PET imaging. We found that the disease-related metabolic characteristics demonstrated good reproducibility across the cohorts with respect to both topography and quantitation, suggesting a potentially high applicability of this pattern as an objective imaging marker to improve the clinical diagnosis of PD in individual patients.
We observed that the distribution of metabolic abnormalities identified using imaging data prospectively obtained from the Chongqing cohort was characterized by increased metabolism in the putamen, GP, thalamus, pons, SMC and cerebellum, covarying with decreased metabolism in the parieto-occipital lobes. These features were not only 
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Validation of metabolic abnormalities in Parkinson's disease consistent with the Shanghai-derived pattern as reported in the present study, but also shared a number of similarities with those previously generated in independent populations from America, the Netherlands, India and Slovenia. 10, [21] [22] [23] Analogous metabolic alterations of brain regions have been further confirmed in macaques with 1-methyl-4-phenyl-1, 2,3,6-tetrahydropyridine-induced parkinsonism. 24 In addition, an abnormal cerebral blood flow pattern, homologous to cerebral metabolic activities, was also detected in PD patients scanned using perfusion single-photon emission computed tomography. 25 While the neuro-pathological mechanism underlying this PD-related pattern remains unclear, it is likely to be associated with dysfunction of extrapyramidal pathways. The key nodes of pattern abnormalities noted in the present study were highly accordant with circuits of the cortico-striatopallidothalamo-cortical (CSPTC) and cerebello-thalamo-cortical (CbTC) loops, the two most important extrapyramidal pathways for motor control in humans. 26, 27 Indeed, the abnormal hypermetabolism apparent in the SMC, putamen, GP and thalamus was consistent with the CSPTC pathway. In parallel, the hypermetabolic pattern noted in the cerebellum, thalamus and SMC regions was consistent with the CbTC circuit. Compensatory hyperactivities in these brain regions develop as a consequence of nigrostriatal dopaminergic attrition and ensuing functional abnormalities in the CSPTC loop and related neural pathways. Moreover, since the CSPTC circuit dysfunction is considered to be associated with akinetic-rigid manifestations while the CbTC circuit dysfunction accounts for tremor generation in PD patients, 27, 28 it is reasonable that a significant correlation can be observed between the Unified Parkinson's Disease Rating Scale motor scaling and individual expression of such a metabolic pattern. The expression was slightly lower in PD patients from Chongqing compared to data from the Shanghai cohort, but no significant difference was observed between the two control groups. (B) The ROC curve for individual scores prospectively calculated in subjects from the Chongqing cohort could significantly discriminate patients from healthy controls, with a sensitivity of 81.3% and a specificity of 85.4% at an optimum cut-off value of 0.6467. The inflection point corresponding to the optimal cut-off value was represented by an asterisk on the rOc curve. Abbreviations: hc, healthy control; PD, Parkinson disease; rOc, receiver operating characteristic.
In spite of the high degree of similarity in pattern distribution between two independent PD cohorts from China, some inherent topographical discrepancies were noted. In particular, metabolic activities in PD patients from the Shanghai cohort revealed more pronounced increases in the right temporal-striatal area but greater decreases in the bilateral occipital region as compared to those from the Chongqing cohort. Inevitable differences across objective scanner designs and imaging protocols may be possible reasons for reading discrepancies. Moreover, differences in subject characteristics, particularly unmatched age and gender, between healthy and patient groups from the Chongqing cohort in the present study likely affected the results. Age-associated changes in relative metabolic activity have been reported in anterior brain areas, especially the anterior cingulate cortex, while overall cerebral glucose metabolism in females was observed to be higher than that in male subjects. 29 Nonetheless, the fact that PD-related metabolic characteristics are highly comparable and reproducible in major cerebral regions of PD patients on a whole-brain basis indicated that age and gender do not play significant roles in the formation of such a pattern and suggested that the pattern is a reliable imaging marker in the clinical diagnosis of the disease.
Quantitation of the PD-related pattern in individual patients revealed that the Chongqing cohort possessed relatively lower scores as compared to subjects from the Shanghai cohort. We attribute this result to the differences in disease duration between the two patient cohorts. Considering that the expression of the PD-related pattern positively correlated with the disease duration or severity of motor symptoms in individual patients, 16 it is plausible that the lower expression in Chongqing cohort PD patients could be due to the relatively shorter period of time elapsed after disease onset. This is in accordance with the demographic and clinical data of each cohort, as summarized in Table 1 .
The current study demonstrated that the Shanghai-derived metabolic pattern possesses a good diagnostic accuracy in the prospective discrimination between PD patients and healthy controls from Chongqing district. Indeed, our ROC analysis illustrated a specificity of 85.4% and a sensitivity of 81.3% with an optimal pattern expression cutoff at 0.6467. This level of discriminatory power is in line with previously reported values in American, Dutch and Slovenian cohorts. 10, 22, 23 Of note, the present work was intended as a national comparison study to validate the reproducibility of a PD-related pattern biomarker and to evaluate its potential use for disease diagnosis in China. Therefore, to exclude inevitable variations across ethnic groups, this study used a Shanghai-derived pattern as a reference standard, rather than imaging data obtained from Western populations.
To further assess the applicability of the PD-related pattern in the early diagnosis of PD, a prospective follow-up study is currently underway in patients with a prodromal stage of parkinsonism, such as those diagnosed with a rapid eye movement sleep behavior disorder, as well as in patients with early PD who are only suffering hemi-extremity manifestations at baseline. Moreover, a prospective study with a large sample size of patients with atypical parkinsonism is also ongoing. The aim of this work is to evaluate the potential use of pattern topography and expression in the discrimination of idiopathic PD from multiple system atrophy, progressive supranuclear palsy, corticobasal degeneration and dementia with Lewy bodies, as well as in the differential diagnosis of these diseases in the Chinese population.
Conclusion
The present study evaluated the reproducibility and robustness of abnormal glucose metabolic activities in Chinese PD patients using 18F-FDG PET imaging data obtained from both healthy subjects and PD patients at multiple-medical centers. We demonstrated the similarity of such a PD-related metabolic pattern across two independent cohorts with respect to both topography and quantitation. Moreover, individual scores of subjects yielded a remarkable clinical applicability for the discrimination of PD patients from healthy controls. The reproducibility of this PD-related pattern biomarker in different cohorts, along with extensive existing literature, validates the utility of such a pattern as a reliable marker of PD diagnosis utilizing PET imaging, as well as advantages in its clinical implementation worldwide.
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